Study Objectives: To investigate muscle sympathetic nerve activity (MSNA) response and executive performance during mental stress in obstructive sleep apnea (OSA). Methods: Individuals with no other comorbidities (age = 52 ± 1 y, body mass index = 29 ± 0.4, kg/m 2 ) were divided into two groups: (1) control (n = 15) and (2) untreated OSA (n = 20) defined by polysomnography. Mini-Mental State of Examination (MMSE) and Inteligence quocient (IQ) were assessed. Heart rate (HR), blood pressure (BP), and MSNA (microneurography) were measured at baseline and during 3 min of the Stroop Color Word Test (SCWT). Sustained attention and inhibitory control were assessed by the number of correct answers and errors during SCWT. Results: Control and OSA groups (apnea-hypopnea index, AHI = 8 ± 1 and 47 ± 1 events/h, respectively) were similar in age, MMSE, and IQ. Baseline HR and BP were similar and increased similarly during SCWT in control and OSA groups. In contrast, baseline MSNA was higher in OSA compared to controls. Moreover, MSNA significantly increased in the third minute of SCWT in OSA, but remained unchanged in controls (P < 0.05). The number of correct answers was lower and the number of errors was significantly higher during the second and third minutes of SCWT in the OSA group (P < 0.05). There was a significant correlation (P < 0.01) between the number of errors in the third minute of SCWT with AHI (r = 0.59), arousal index (r = 0.55), and minimum O 2 saturation (r = −0.57). Conclusions: As compared to controls, MSNA is increased in patients with OSA at rest, and further significant MSNA increments and worse executive performance are seen during mental stress. Clinical Trial Registration: URL: http://www.clinicaltrials.gov, registration number: NCT002289625.
INTRODUCTION
Obstructive sleep apnea (OSA) is common and is characterized by recurrent episodes of apnea and hypopnea during sleep caused by upper airway obstruction. 1, 2 OSA is recognized as a significant public health problem that results in substantial occupational and social failures. OSA may be associated with poor cardiovascular outcome 3 and impaired neuropsychological functioning. [4] [5] [6] Sympathetic overactivity may play a role in the genesis of cardiovascular alterations associated with OSA 7, 8 and contribute to a risk of hypertension 9, 10 and cardiovascular morbidity. 11, 12 Transient asphyxia 13 and recurrent arousals triggered by OSA 14 cause acute increases in muscle sympathetic nerve activity (MSNA). 15 Patients with OSA have increased MSNA while awake, 7 which indicates that sympathetic overactivity during sleep carries over into the daytime. Sympathetic overactivity is involved directly or indirectly in several other OSA effects, including oxidative stress, 16 lipid dysfunction, 17, 18 inflammation, 19 endothelial dysfunction, 16, 20, 21 and accelerated atherosclerosis. 22 Despite the role of sympathetic overactivity, few studies have attempted to evaluate the MSNA response to situations that cause mental challenge and mild levels of stress that are common during daily activities. Previous studies have shown contradictory pii: sp-00107 -15 http://dx.doi.org/10.5665/sleep.5310
Significance
Patients with OSA have deficits in sustained attention, inhibitory control, and increased sympathetic response during SCWT that contribute for cognitive decline and increased cardiovascular risk in this group. Further studies are needed to demonstrate the effect of OSA treatment on these parameters.
results regarding the MSNA responses to tests that mimic social stress including increases, 23 decreases, or no change in MSNA. 24 It has been reported that factors that could influence MSNA and cardiovascular adjustments to mental tasks include the type of cognitive task, absolute level of task difficulty, the individual's performance, 25 and pathologies, such as hypertension, heart failure, and obesity.
The Stroop Color Word Test (SCWT) has been used for many years 26 to explore the conflict between a well-learned or automatic behavior (read) and a decision rule that requires this behavior to be inhibited. 27 SCWT is a tool used to evaluate executive function, which is characterized by a set of skills (including selective attention and inhibitory control) that allow the individual to direct the behavior of targets, performing self-organized actions to choose the most effective strategies to resolve the task. 28 Essentially, inhibitory control is the ability to suppress the processing or expression of information that would disrupt the efficient completion of the goal at hand. This key executive function influences an individual's ability to cope with the stress of everyday life and allows the complex control between cognition and behavior that is essential for more effective social interaction. 29 Also, the SCWT is often associated with a social stress, depending on the protocol of the experiment.
In the current study, we hypothesized that MSNA is increased in OSA at rest, and further significant increments and worse executive performance will occur during mental stress in patients with OSA compared with a control group.
METHODS

Subjects
Male and female individuals, 40 to 65 y of age from the Sleep Laboratory, who had recently undergone a sleep study, were recruited for this protocol. The controls for the study were recruited from the Heart Institute Hospital staff or relatives and friends. All subjects were healthy as confirmed by medical history and physical examinations, blood profile, echocardiographic evaluation, and were not taking medications. All non-menopausal women were studied between the first and the fifth day after the onset of menstruation, because hormonal variability during the regular menstrual cycle may affect blood pressure (BP) or perception of a task as being difficult. Patients with hypertension were carefully excluded. All subjects had at least three office BP measurements obtained by one investigator. Three out-of-office BP measurements were also obtained to confirm the BP levels. Study subjects who had body mass index (BMI) > 40 kg/m 2 , cardiopulmonary disease, chronic renal disease, diabetes mellitus, atrial fibrillation, pacemaker, renal failure, echocardiographic evidence of impaired left ventricular function (ejection fraction < 45%), history of psychiatric disorders, dementia or other neurodegenerative disorders, history of smoking or alcohol abuse (two or more drinks per day), any sleep apnea treatment, history of circadian desynchrony (e.g., shift workers), less than 2 y of formal education, resting BP higher than 140/90 mm Hg were excluded from the study. The institutional committee (0833/10) on human research approved the study, and all subjects gave written informed consent.
Screening of Cognitive Functions
The shortened Mini-Mental State Examination that tests global cognition and covers domains such as orientation, memory, registration, recall, constructional ability, language, and the ability to understand and follow commands 30 was administered. The Mini-Mental State Examination test is not very sensitive to minor changes in cognitive function. It is designed to identify dementia and more severe cognitive impairment.
Estimated Coefficient of Intelligence (IQ)
Intelligence was evaluated by the Wechsler Abbreviated Scale for Intelligence using vocabulary and matrices subtests. 
Anxiety
Anxiety symptoms over the previous 2 w were assessed by means of the Beck Anxiety Inventory that consists of 21 questions; each question has four possible answers.
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Depression
Depressive symptoms over the previous 2 w were assessed by means of the Beck Depression Inventory that consists of 21 items, whose intensity varies from 0 to 3.
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Daytime Sleepiness
To evaluate the level of general sleepiness with regard to the past few weeks, patients completed the Epworth Sleepiness Scale. 34 Normal values range between 2 and 10; scores > 14 are indicative of a high level of daytime sleepiness.
Sleep Study
All participants underwent overnight polysomnography (Embla N7000, Medcare Flaga, Reykjavik, Iceland) as previously described. [35] [36] [37] Sleep stages, apneas, hypopneas, and arousals were defined and scored as previously described.
36,37
Briefly, apnea was defined as complete cessation of airflow for at least 10 sec. Hypopnea was defined as a reduction in respiratory signal ≥ 50% from baseline for at least 10 sec associated with oxygen desaturation ≥ 3%. The apnea-hypopnea index (AHI) was calculated by the total number of respiratory events (apneas and hypopneas) per hour of sleep. OSA was defined as a cessation of respiratory airflow for 10 sec with thoracoabdominal effort, which was detected by using a piezo respiratory effort sensor. Individuals with > 70% obstructive events were defined as individuals with OSA.
Muscle Sympathetic Nerve Activity
The MSNA was directly recorded from the peroneal nerve using microneurography (662C-4 Nerve Traffic Analysis System, The University of Iowa, Iowa City, IA, USA). 35, 38 Muscle sympathetic bursts were identified by visual inspection conducted by a single investigator, blinded to the study protocol, and are expressed as burst frequency (bursts per min) and bursts per 100 heartbeats.
Hemodynamic Measures
Heart rate (HR) was continuously evaluated by eletrocardiogram. BP was monitored noninvasively with an automatic ankle blood pressure cuff (nondominant ankle) with an automated oscillometric device (DX 2022, Dixtal Biomedics, Manaus, AM, Brazil). The systolic, diastolic, and mean blood pressures were registered every minute of the protocol.
Stroop Color Word Test
A modified version of SCWT 39, 40 was conducted using a 3-min period after a 4-min resting baseline. During SCWT, subjects were shown a series of names of colors written in a different colored ink from the color specified. Subjects were asked to identify the color of the ink, not read the word. Throughout SCWT, subjects were pressed to respond quickly. On completion of the protocol, each subject was asked to assess stress perception using a scale ranging from 0 to 5 points (0, not stressful, 1 very mildly stressful, 2 mildly stressful, 3 moderately stressful, 4 very stressful, and 5 extremely stressful).
Cardiopulmonary Exercise Test
Maximal exercise capacity was determined by means of a maximal progressive cardiopulmonary exercise test (SensorMedics -Vmax Analyzes Assembly, Encore 29S) on an electromagnetically braked cycle ergometer (Via Sprint 150P, Ergoline, Bitz, Germany), within work-rate constant increments (5 to 20 W/min) at 60 to 70 rpm until exhaustion as previously described. 35 Peak oxygen uptake (VO 2 ) was defined as the maximum attained VO 2 at the end of the exercise period in which the subject could no longer maintain the cycle ergometer velocity at 60 rpm.
Experimental Protocol
All subjects abstained from caffeine for 24 h before the study. All studies were performed during the postabsorptive state with the exception of blood sample collection. The study was performed in a quiet, temperature-controlled room (21-22°C) in the morning at approximately the same time each day. The right leg was positioned for microneurography. After an adequate nerverecording site was obtained, the subject rested quietly for 10 min. Baseline MSNA, BP, and HR were then recorded continuously for 4 min at baseline and during the 3 min period of SCWT.
Statistical Analysis
The data are presented as mean ± standard error or median (range). The correct answers during SCWT were analyzed as the number of answers − number of errors per minute. The MSNA responses to SCWT were analyzed by relative and absolute differences (each minute of the SCWT − mean baseline) for both groups. A χ 2 (sex), unpaired Student t-test (age, BMI, body fat, estimated IQ, anxiety, depression, metabolic and functional parameters, baseline cardiovascular parameters, AHI, minimum O 2 saturation), or MannWhitney U test (y of education, Mini-Mental State Examination, arousal index) were used to compare differences between groups. Two-way analysis of variance with repeated measures was used to compare within and between group differences at baseline and during 3 min of mental challenge (MSNA, HR, mean BP). In the case of significance, post hoc comparisons were performed by Tukey honest significant difference test. An unadjusted Poisson regression model was used to examine the association between errors during SCWT and sleep parameters. Poisson regression models were also adjusted for sex, age, educational level, and BMI. P ≤ 0.05 was considered statistically significant. All statistical analysis was performed using STATISTICA 12 software.
RESULTS
Baseline Measures
The final sample consisted of 15 controls and 20 patients with OSA (AHI ≥ 15 events per hour of sleep). Controls and patients with OSA were not taking medications 2 mo prior to the experimental protocol. Characteristics of OSA and control groups are shown in Table 1 . There were no significant differences in sex, age, y of education, Mini-Mental State Examination, IQ, Beck Anxiety Inventory score, Beck Depression Inventory score, body fat, metabolic parameters, and peak VO 2 between OSA and control groups. Left ventricular function, and HR and BP levels did not differ between groups. BMI was higher in patients with OSA compared with that in the control group. The daytime sleepiness score did not differ between OSA and the control group (11.6 ± 7 versus 12.1 ± 6 for mean ± standard deviation, P = 0.83), respectively. The baseline MSNA in bursts per min or bursts per 100 heartbeats was higher in the OSA group when compared with that in controls. Regarding the sleep pattern (Table 2) , AHI was higher and minimum O 2 saturation lower in the OSA group compared with that in the control group. Arousal index was greater in the OSA group compared with that in the control group.
Responses to SCWT
The stress perception after SCWT was moderate and did not differ between OSA and the control groups (3.1 ± 1.4 versus 2.7 ± 1.2 for mean ± standard deviation, P = 0.16), respectively. Figure 1A indicates statistically significant differences between groups observed in MSNA values during the SCWT. There was a significant increase in MSNA during the third minute of SCWT (time × group interaction; P < 0.05). Also, delta MSNA (each minute of SCWT -baseline) showed significant differences between groups with a significant increase in MSNA in the OSA group (within group) during the third minute of SCWT compared with the baseline value ( Figure 1B) . Figure 2 shows examples of MSNA in control and OSA patients at baseline and in the third minute of the SCWT. HR significantly increased in both controls and patients with OSA ( Figure 3) . HR response during the first minute of SCWT was higher compared with HR in the second and third minutes of SCWT in both control and OSA groups. The mean BP significantly increased during the second and third minutes of SCWT in both control and OSA groups (Figure 4 ). An abrupt decrease in the number of answers during the second and third minute of SCWT was observed in the OSA group compared with that in the control group ( Figure 5A ). The number of errors significantly increased in the third minute of SCWT in the OSA group ( Figure 5B ). The number of correct answers significantly decreased in the second and third minute of SCWT in the OSA group compared with that in the control group ( Figure 5C ). In addition, a significant correlation was found between the number of errors in the third minute of SCWT and AHI (r = 0.59; P < 0.001; Figure 6A ), the number of errors in the third minute of SCWT, and the arousal index (r = 0.55; P < 0.001; Figure 6B) ; the number of errors in the third minute of SCWT and minimum O 2 saturation (r = −0.57; P < 0.01; Figure 6C ). Adjustment for sex, age, educational level, and BMI strengthened the association. No linear correlation was found between the number of errors in the third minute of SCWT and systolic BP (r = −0.20; P > 0.05), diastolic BP (r = −0.25; P > 0.05) or HR (r = −0.013; P > 0.05).
DISCUSSION
The main and new findings of the current study are that: (1) patients with OSA presented a time delay until impairment of MSNA during SCWT; (2) executive performance during a continued task involving inhibitory control, as evaluated by SCWT, is reduced in patients with OSA; (3) SCWT performance is inversely associated with sleep apnea severity parameters, including sleep fragmentation and hypoxia during sleep. Our results are also in line with results in previous studies reporting that patients with OSA have increased baseline MSNA 7 compared with controls. The mechanisms explaining such findings are multiple and include chemoreceptor overactivity 15 and depressed sympathetic baroreflex sensitivity.
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A previous study 42 reported a significant decrease in the 
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magnitude of spontaneous arterial baroreflex control of MSNA and increases in time delay of the baroreflex response of MSNA in OSA with metabolic syndrome during resting conditions. Our study adds important information by evaluating the MSNA response during mental stress in patients with OSA compared with controls. There was a significant increase in delta MSNA (each minute of SCWT -baseline) during the third minute of SCWT compared with the baseline value only in patients with OSA ( Figure 1B) . The increase in MSNA in humans during SCWT is thought to reflect the balance between central nervous system arousal, which is sympathoexcitatory, and arterial baroreflex activation, which is sympathoinhibitory. 43 The time delay until impairment of MSNA during a cognitive task may suggest greater dysfunction in central autonomic regulatory regions in patients with OSA. A previous study showed a delay in functional magnetic resonance imaging signals to a physiological maneuver in patients with OSA with decreased brain activation, 44 suggesting damage to the medullary integrative circuity for arousal systems. 45 Patients with OSA may experience activation of more compensatory actions in other brain structures to perform a sustained cognitive task when compared with controls. Several recent studies are consistent with the hypothesis that patients with OSA have structural and functional changes in the brain that may also contribute to sympathetic hyperactivity. [46] [47] [48] [49] A more recent study 50 led to the idea that higher firing rates of axons already recruited during baseline were an important mechanism by which the sympathetic nervous system is activated during reflex-mediated stress. We speculate that these factors may contribute to explaining the differences in MSNA responses between OSA and control groups. Future studies using analysis of neural coding patterns within the autonomic nervous system during SCWT in patients with OSA and control subjects may contribute to a better understand of this complex question. For instance, patients with OSA are more susceptible to the risk for cardiovascular complications. Thus, marked increases in MSNA in patients with OSA may have important implications for cardiac events during chronic situations of mental stress. Furthermore, the time delay until impairment during 
45
SCWT has been used in various modified forms. 24, 25, 51 For instance, mental stress has been evaluated by increasing the level of difficulty of SCWT over time. To evaluate executive performance during a continued task involving inhibitory control, we maintained the same level of task difficulty over time during SCWT as previously reported. 39, 40, 43 Our test elicited a moderate and similar level of subjective stress in both control patients and patients with OSA as evaluated at the end of the task (~3 in a scale from 0 to 5 points). In accordance with this subjective evaluation, HR and mean BP increased in relation to baseline similarly in control and OSA groups (Figures 3 and  4) . The increase in HR and BP during mental task are consistent with results in previous studies. 25, 52, 53 The magnitude of increase in HR in the current study was greater in the first minute of SCWT (Figure 3 ). Our group data showed a significant correlation between stress perception and HR responses in the first minute of SCWT (r = 0.36; P < 0.05). In contrast to the HR and BP, MSNA tended to remain below rest value until the end of task in control group. However, delta MSNA (each minute of SCWT -baseline) showed significant increase in the OSA group (within group) during the third minute of SCWT compared with the baseline value. Tachycardia is probably due to a reduction of parasympathetic tone and/or increased cardiac sympathetic modulation 53 and is a defense reaction response at the onset of SCWT 25 that prepares the body for a fight-orflight response. The elevation in BP may occur primarily by an increase in cardiac output mediated by elevation in HR during mental stress. Our results indicate that the sympathetic autonomic response depends on the site. Cardiac but not peripheral sympathetic activity may be increased in control subjects. The dissociation between HR and BP response to MSNA in OSA and control groups may have further implications in vascular 
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control. The increases in BP and MSNA during acute mental stress indicate that OSA may need adjustments to regulate vascular homeostasis under stress conditions to prevent ischemia. Future studies using direct methods to investigate blood flow changes during SCWT in patients with OSA help better explain these interactions. The executive performance among controls and OSA was similar in the first minute. However, patients with OSA had a significantly lower number of answers, correct answers, and more errors in the second and third minute of SCWT than did controls. Additionally, the number of correct answers decreased significantly in the second and third minute of SCWT in patients with OSA. These results are consistent with results of previous investigations 4, 54 that demonstrate reduced executive performance during neurocognitive tests in patients with OSA when compared with controls. In addition, we found significant correlations between the number of errors at the third minute of SCWT and sleep severity parameters (AHI, minimum O 2 saturation, and arousal index). The relationships remained significant even after controlling for age, educational level, and BMI. Several mechanisms may help to explain our findings. For instance, a study 55 reported that sleep deprivation leads to a general slowing of response speed and increased variability in performance, and measures of alertness, attention, and vigilance. Impaired executive performance in patients with OSA may be relevant to driving ability and occupational safety hazards. Our results may help to explain the increased incidence of motor vehicle crashes in patients with OSA. [56] [57] [58] Moreover, in a real situation of social stress, impaired executive performance may be associated with serious difficulties and impulsivity traits when trying to inhibit inappropriate behaviors in order to control problems related to OSA, such as excessive food consumption, leading to an increased BMI, which interferes with the quality of sleep.
Our study has several potential limitations. We used a simple cognitive screening tool (Mini-Mental State Examination) that may not be sensitive enough to detect mild cognitive impairment, which may be more prevalent in older patients with OSA than in the general population. 59 Moreover, cognitive task specificity may exist for individuals with a higher level of education or higher IQ. Higher level of education or higher IQ offers some protection against cognitive decline, possibly due to increased cognitive reserve. In this context, the groups were similar in several variables that can influence our results, including educational level, IQ, Mini-Mental State Examination, level of physical activity (functional capacity) and systolic function. In addition, other variables that may influence cognition, such as anxiety or depression symptoms, were similar between groups. In the current study, BAI and BDI scores were in the normal range and did not differ between groups. These similar results between groups can be explained by an AHI cutoff point ≥ 15 events/h of sleep for the presence of OSA. Subjects were classified as belonging to the control group if the AHI was < 15 events/h of sleep or having OSA if AHI was ≥ 15 events/h of sleep. The highest AHI in the control group was 14 events/h of sleep, which can have an effect on the symptoms of depression, and this might decrease the sensitivity for uncovering group differences.
Obesity may contribute to the sympathetic overactivity 39 associated with several mechanisms including hyperinsulinemia 60 and leptin resistance, 47, 61 as well as adverse neurocognitive outcome. 62 However, in our study, the percentage of body fat, a more sensitive index for obesity, was similar between groups despite differences in BMI. In the current study, a significant correlation between the number of errors at the third minute of SCWT and OSA severity parameters remained significant after controlling for BMI, which may exclude the influence of this variable. However, the use of regression models to examine the associations between errors during SCWT and sleep parameters (AHI, arousal index, and minimum O 2 saturation) adjusted for sex, age, educational level, and BMI could miss moderately large effects given the relatively low degrees of freedom. Also, the multiple comparisons for this model using systolic BP, diastolic BP, and HR are unlikely to lead to excessive errors because the variables are closely related. Finally, the associations between the variables observed here should be interpreted with caution because of the cross-sectional nature of our study.
In summary, MSNA is increased in OSA at rest, and further significant MSNA increments and worse executive performance are seen during mental stress. The impaired executive functioning may be associated with intermittent episodes of hypoxia that negatively interferes with the prefrontal cortex, leading to poor cognitive control. Future studies are needed that perform concurrent recordings of sympathetic activities and brain imaging with a view to explore areas of brain activation, cerebral blood flow, time course of neural responses, and cognitive performance during sustained SCWT in OSA and controls without other comorbidities. Another approach is to evaluate the effect of OSA treatment to address these important issues.
